In a previous paper it has been shown, from a study of the spectrum of the carbon monoxide flame, that the molecules of C02 formed by the combustion are initially in a highly excited state of internal vibration. An attempt is made here to derive approximate values for the lifetimes of these vibrationally activated molecules.
Introduction
In a recent paper (Gaydon 1940 ) the spectrum of the flame of carbon monoxide burning in air or oxygen has been described, and new measure ments and an attem pt a t a partial analysis of the spectrum were presented. I t was concluded th a t the visible and ultra-violet emission spectrum of the [ 61 ] flame was probably due to molecules of carbon dioxide undergoing an electronic transition to the ground electronic state, and th a t after this transition the C0 2 molecules would be left with a considerable amount of vibrational energy, due to the change of shape or size of the molecule during the transition, and th a t this vibrational energy might persist for some time before thermal equilibrium with the other degrees of freedom was attained.
I t is the purpose of the present paper to describe some additional experi mental work in which the absorption spectrum of a long length of the flame has been examined, and then to discuss the bearing of the conclusions reached in the first paper on the phenomenon of 'afterburning' which is often so marked in the combustion of carbon monoxide. This also involves a discussion of the infra-red radiation from the carbon monoxide flame, and reference to relaxation times obtained from supersonic measurements in carbon dioxide.
A detailed understanding of the cause of the apparent 'afterburning' of carbon monoxide is of interest because of the effect of this afterburning on the efficiency of the combustion and its relation to the completeness of combustion and amount of unburnt carbon monoxide discharged into the atmosphere from the internal combustion engine and from gas flames. I f the afterburning is not a real phenomenon, as thought probable by Lewis and von Elbe (1934) , but is only due to pockets of unburnt gas and necessary pressure and temperature changes in the combustion vessel, then technical improvements in the design of burners and combustion chambers might eliminate the trouble. If, however, as believed by David and colleagues, there is a real activation of the molecules formed in the combustion, then such methods cannot be expected to give complete success, and chemical or physical expedients must be sought.
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Absorption spectrum of the flame I t was postulated in the previous paper that, after the combustion, the C0 2 molecules formed would be in the ground electronic state bu t in high vibrational levels of this state. If this postulate were correct and the C0 2 molecules persisted for some while in these high vibrational levels, then it might be possible to observe absorption therefrom, and this absorption might be expected to lie to longer wave-lengths than the normal absorption by cold C0 2. The main absorption bands of C0 2 are in the extreme u ltra violet below 1150 A, but there is a weaker system which can be extended to 1700 A a t high pressure (Price and Simpson 1938) . Any considerable exten sion of this system should bring it within the range of quartz instruments. I t is known th a t a simple carbon m onoxide-air flame a t an ordinary je t does no t absorb in th e quartz region, and hence it was decided to investigate th e absorption spectrum of a longer length of burning gas and its freshly formed com bustion products.
The com bustion occurred in a silica tube 60 cm. long and 1-6 cm. internal diam eter as shown in figure 1. Carbon monoxide and oxygen from cylinders were fed in a t three and tw o side tubes respectively. The relative flows of th e gases were recorded w ith tw o flowmeters. No special precautions were tak en to purify th e gases a p a rt from drying (see later). P atches of flame were localized a t four places indicated by shading in th e figure, an d th e tu b e was heated to a bright red a t these places. D uring some of th e experim ents th e tu b e was lagged by w rapping w ith asbestos cord. A powerful hydrogen discharge tube of the type described by H u n te r an d Pearse (1936) was used
The flam e spectrum of carbon monoxide 63 nnnnni co o2 CO o2 CO F ig u r e 1 as a source of continuum and spectrogram s were tak en on a small quartz instrum ent and on a m edium size (Hilger E . 2) quartz spectrograph using special ultra-violet sensitive plates. The small instrum ent allowed th e spectrum to be studied as far as th e lim it of transparency of air (around 1950 A), b u t the E. 2 was lim ited to w ave-lengths greater th a n 2100 A by the geometrical design. The absorption spectrum was studied by viewing th e tu b e end-on, an approxim ately parallel beam of light betw een two quartz lenses being used. The absorption was found to consist of an apparently complex band system, w ith partially resolved rotational structure, a t th e short w ave length end of the region studied. Using a very fast flow of dried gases th e absorption extended to nearly 2600 A. I t was a t first th o u g h t th a t th e system was of the same type as the CO flame emission bands, b u t closer inspection revealed th a t th e band system was p a rt of th e Schum ann-Runge system of oxygen, which extends into th e quartz region when absorption is observed through heated oxygen. The apparen t complexity is due to th e long rotational branches caused by the high tem perature and to th e bands being so strongly degraded to the red.
This absorption seemed qualitatively ra th e r stronger th a n m ight have been expected from a consideration of the tem perature and length of absorbing column of hot oxygen, and its interest is increased by the marked effect of moisture on the intensity of the absorption. When the gases were dried by passing through long tubes filled with phosphorus pentoxide, the absorption was markedly stronger than when using the same flows of un dried or deliberately moistened gases. I t may be noted here th a t David (see later references and discussion) has recorded th a t there is a definite rise of temperature when a trace of moisture is present, and therefore the oxygen might have been expected to be hotter and to absorb more, not less, strongly when moist. I t seems th at this absorption by oxygen, which of course occurs from high vibrational levels of the ground electronic state of 0 2, is stimulated in some special way by the combustion and is not entirely due to temperature effects. The vibrationally excited C0 2 molecules, whose absorption spectrum lies farther to the ultra-violet than th a t of oxygen and is therefore masked, presumably are al>le to pass some of their vibrational energy on to the oxygen molecules by collision, and thus these acquire a high vibrational temperature resulting in the observation of strong ab sorption by these molecules.
The afterburning and latent energy of combustion OF CARBON MONOXIDE
I t is well known th a t the combustion of carbon monoxide is usually incomplete immediately after the explosion wave has travelled through the gases. David, Brown and El Din (1932) have shown, from studies of the maximum pressure reached during explosions in closed vessels of various sizes, th at combustion is not complete a t the moment th a t maximum pressure is reached. Ellis and Wheeler (1927) and Ellis and Morgan (1934) note the afterburning, and record th a t the tem perature continues to rise after the flame front has passed through the gases, indicating th a t the combustion processes are not complete. Lewis and von Elbe (1934) have criticized these papers and conclude th a t afterburning is not a real pheno menon, and is only a manifestation of the pressure and tem perature changes which are bound to occur following an explosion in a closed vessel, and th a t David, Brown and El Din's results may be due partly to pockets of unburnt gas, Lewis and von Elbe support their criticism by experiments on explo sions of oxygen and hydrogen. For oxygen-hydrogen mixtures evidence for afterburning is certainly not conclusive, bu t for carbon monoxide, which when pure and dry shows a remarkable reluctance to burn quickly or to completion, the existence of some form of afterburning seems to be fairly well established. Photographs of C0 -0 2 explosions by Bone, Fraser and W inter (1927) and others show a very marked increase in luminosity in the centre of the vessel as the pressure wave travels back after the explosion, and Prof. Egerton has suggested th a t this is probably connected with the internal energy of the C0 2 molecules. Withrow and Rassweiler (1931) and Rassweiler and Withrow (1932) have studied the afterburning in the internal combustion engine and have obtained good spectrograms showing th a t the emission spectrum is identical with th a t of the carbon monoxide flame, and therefore presumably due to molecules of C0 2. David (1936 David ( , 1937a and Pugh (1937, 1940 ) from comparison of measured and calculated flame temperatures have concluded th a t there is a considerable amount of latent energy which is not immediately released by the combus tion and which is attributed to long-lived metastable molecules formed in the flame front. This latent energy varies from 1 % to 28 % and is most marked in flames of dry carbon monoxide, but is greatly reduced by the presence of a trace of water vapour which, while lowering the theoretical flame temperature, is found in practice to result in a marked rise of tem pera ture. For the internal combustion engine the latent energy is less, being variously given as from 1 % to 4 %. I t will also be noted later, in discussing the infra-red radiation, th a t Garner and colleagues also obtain independent evidence for this activation of the newly formed C0 2 molecules.
Infra-red radiation
The infra-red radiation from a carbon monoxide flame consists principally of a very intense band at 4*4/4 and another rather less intense a t 2-8/4. These bands have been identified with the infra-red absorption bands of C0 2 at 4*25/4 (corresponding to the fundamental asymmetrical valence vibration *>3 = 2350 cm.-1) and 2*7/4 (corresponding to the sum of the combination bands r3+ vx and vz + 2v2). The other active fundamental of C0 2, the transverse vibration v2 -667 cm.-1, shows strong absorption at 14*9/4, but" there is no satisfactory record of this having been obtained in emission, which at first sight is very surprising. Rubens and Aschkinass (1898) studied C0 2 to 20/4 and observed the absorption band (at 14*7/4) and record emission at 14*1/4, but the identity of this with the absorption is uncertain. Bailey and Lih (1929) failed to observe a band in emission in this region bht state th at this failure may be due to a thin film of collodion on their prism; Garner and Johnson (1927) also studied this region without observing any emission band and say th at the sensitivity of their instrument was such that an intensity of one fiftieth of that of the band at 4*4/4 would have been sufficient for detection.
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The infra-red emission from flames and explosions of carbon monoxide has been the subject of exhaustive study by Gamer and colleagues (Garner, Johnson and Saunders 1926; Garner and Johnson 1928) who record th a t the emission is greatly reduced by the addition of certain catalysts, such as water or ethyl nitrate, although the flame temperature is increased by this addition. For the pure gas (Garner, Hall and Harvey 1931) the C0 2 mole cules produced by the combustion are believed to contain a large fraction of the total energy of the combustion. This forms a t least 24 % of the total energy set free. These molecules are, they say, very stable towards collisions, but can lose their energy either by the emission of radiation or by resonance to other molecules of C0 2. As a result of resonance the activated molecules possess an appreciably longer duration of life.
A. G. Gaydon Lifetime of vibrationally activated molecules
I t has been pointed out in the first paper th a t there is reason to believe th at immediately after the initial combustion process and accompanying electronic rearrangement, the C0 2 molecules so formed will be in a vibra tionally activated state. I t would be of great interest if some estimate of the average lifetime of such activated molecules could be obtained. Loss of vibrational energy can occur either by radiation, with emission of the characteristic infra-red bands of C0 2, or by transfer of the energy to other degrees of freedom by collision with other molecules. For C0 2 there are three fundamental vibrational frequencies and these three types of vibration will probably have different lifetimes. I t is probable th a t all three will be excited fairly highly during the electronic transition, but, if the tentative hypothesis put forward in the earlier paper th a t the excited electronic state is triangular is correct, then the transverse vibration v% may be the most strongly activated.
I t is possible, in theory, to calculate the radiative lifetime for any vibra tion from a quantitative knowledge of the absorption coefficient of the gas for the particular infra-red vibration band. This calculation is based on the Linstein derivation of the Planck radiation law and the method has been given in detail by Tolman (1924) . The calculation involves a knowledge, 00 from experimental data, of J a . dv, oc being the ab v the frequency. Unfortunately the resolving power and purity of spectro graphs used for the infra-red is insufficient to resolve the structure of the bands fully, the natural line width of the rotational structure being less than the instrum ental width; thus the lines are observed as broader and less intense than is really the case, and the value determined for a . will almost invariably be too low; this is shown by the fact th a t the observed absorption does not vary linearly w ith the thickness and density of the absorbing gas. Approximate calculations have, however, been made using the experimental d ata of M artin and Barker* (1932). These calculations are based on a number of assumptions and approximations and should only be regarded as giving a rough value for the radiative lifetime; any increase in the value for J a . dv such as might be observed by the use of a spectrograp of still higher resolving power would decrease the calculated lifetime. For the asymmetric vibration vz , which corresponds figure of the order 0*01 sec. has been obtained for the upper limit for the * Martin and Barker show curves of deflexion (proportional to light intensity) against wave-length. These curves were measured up, and, assuming a base line passing through the points of maximum deflexion to give the deflexion corresponding to light from the source without absorption, a new curve between wave-number (reciprocal of the wave-length) and absorption coefficient ( -loge of the transmission) was plotted. This was done for all the curves given, these corresponding to various stated equivalent thicknesses of absorbing gas. From the area under each of these curves for the whole band the value of a. was obtain of this area and the velocity of light (to reduce the wave-numbers to frequencies).
A 2l -chance per sec. of molecules rad iatin g = 1/radiative life, v -frequency, Pi and p2 a priori probabilities of initial and final states, = no. mol. per unit vol. in initial state (i.e. for absorption for tho cold gas, the lowest state).
The following assumptions were made: AT x = 2*7 x 1019 x equivalent thickness of absorbing gas in cm., i.e. practically all the molecules are in the lowest state at the temperature of the measurements.
PilPn -1-This is probably not strictly correct, but is unlikely to be in error by more than a factor of 2.
The several curves gave values of
A 21 which were not, as they but which in practice decreased somewhat with increasing equivalent thickness of gas, owing to inadequate resolving power of the instrument. A rough extrapolation to zero equivalent thickness of absorbing gas was made, and this was taken as the value of A 2i from which the value of the radiative lifetime (1 f A 2l) used in the following discussion was calculated. average time for the transition from = 1 to v3 = 0. The lifetime for transitions involving unit decrease in vibrational quantum number for more highly excited molecules (e.g. v3 = 10 to v3 = 9) may be a total time for radiation of the energy stored in the asymmetric vibration, which would mostly be radiated in successive steps in which the vibrational quantum number decreased a unit at a time, might amount to a few tenths of a second a t the most.
For the transverse vibration v2 corresponding to 14*9/4, a similar calculation gives a lifetime not exceeding 0*2 sec. for the transition = 1 to y2 = 0.
The symmetrical valence vibration is of course inactive in the infra-red and does not emit any radiation corresponding to the fundamental frequency itself. Some energy may be lost by radiation of the combination band v3 + at 2*8/4. No exact calculation of the lifetime has been made, bu t it may be assumed th at the radiative lifetime for this vibration is relatively long.
The order of the lifetime of vibrationally excited C 02 molecules can also be obtained from supersonic dispersion and absorption.* The relaxation time calculated from these supersonic measurements corresponds to the time for the vibrational energy to be transferred to translational and ro tational energy by collision. The results obtained by this method are mostly for atmospheric temperature and pressure, although Eucken and Niimann (1937) have studied C 02 a t 673° K a t which tem perature the relaxation time is given as 2*0 x 10~6 compared with 7*0 x 10-6 sec. at 293° K. The relaxation time corresponds to transitions between 1 and v = 0, and the time lag for vibrational energy transfer a t high temperatures and for highly excited molecules may be rather different; the vibrational energy will not be trans ferred a t a single collision but in successive small steps, the highly excited molecules quickly losing some of their energy bu t with the final steps taking a time similar to th a t derived from the supersonic determinations. The absorption of sound and the supersonic dispersion of carbon dioxide are greatly affected by trace impurities, especially water vapour, and several authors have studied the effect of moisture quantitatively.
* Other methods, such as resonance fluorescence and molecular recombination rates, give information about the transfer of vibrational energy on collision, and the results from these methods are often at variance with the value of the relaxation time from supersonic measurements. For C02 the only numerical data are for the relaxation time. The resonance fluorescence method, as pointed out by Dwyer (1939) who has obtained direct evidence for the persistence of vibrational energy in I 2, only gives values for the electronically excited gas. The recombination method also appears to involve three-body collisions, which will have a different probability of producing energy transfer from the two-body collisions necessary for supersonic dispersion and combustion phenomena.
The main sound-absorption peak corresponds to the time lag in transfer of energy to and from the transverse vibration For pure C0 2 the relaxa tion time has been determined by several investigators, who concur in giving a value of around 5 x 10~6 sec. a t room temperature. According to Eucken and Becker (1934) the vibrational energy will only be converted into other forms for one collision in 51,000 for pure C0 2, but one collision in 34 with a water molecule is effective in producing transfer; a concentration of 3 % of water vapour reduces the relaxation time from 5*7 x 10-6sec. to 0*09 x 10-6 sec.
The symmetrical valence vibration vv having a higher frequency th an v2, contributes less to the specific heat of the gas and has a less marked effect on the sound absorption and dispersion. On classical grounds the symmetrical vibration would be expected to transfer its energy by collision much less easily than does the transverse vibration, but Eucken and Niimann (1937) have expressed the opinion th a t the symmetrical vibration is excited as easily as the transverse vibration, not because of the equality of sensitiveness to impact but because of the very rapid adjustm ent of equilibrium of the energy in the two forms of vibration (see later section on dissociation). Recently Pielemeier, Saxton and Telfair (1940) have observed a shelf on the sound absorption-frequency curve which they interpret as corresponding to vv the relaxation time for which may therefore be a little longer than for ly, also it appears th a t the transfer of energy from this form of vibration is rather less dependent on the presence of moisture.
The asymmetric valence vibration v3 has such a high frequency th a t it contributes very little to the specific heat a t room temperature and does not therefore produce dispersion or absorption of sound. The collision life time of this vibration should be longer than for the transverse vibration.
We may now compare the radiative and collision lives of C0 2 molecules for the three types of vibration.
The transverse vibration v2 has a collision fife of 5 x 10_6sec. against a radiative lifetime of rather less than 0*2 sec. Thus energy initially stored in this form of vibration will be transferred to other degrees of freedom by collision before there is time for any appreciable radiation of the character istic infra-red band at 14*9
fi.This explains the failure of Garner and and others to observe this radiation from the flame, a result which at first sight seemed rather surprising.
For the asymmetric vibration v3 the radiative lifetime has been calculated to be rather less than 0-01 sec.; we have no definite knowledge of the relaxa tion time for this mode of vibration. I t is known from the work of Garner and colleagues th at a flame of carefully dried carbon monoxide does radiate the infra-red band a t 4*4/4 very strongly (up to 24 % of the total energy of the combustion). Thus experimentally the collision life, in pure C0 2, must be longer than the radiative lifetime. Also from Garner's work we know th at the radiation a t 4*4/* is very much less if the gas is slightly moist or if other catalyst is added. Thus it may be assumed th a t for this vibration also the relaxation time (or collision life) is greatly reduced by the presence of moisture and so the vibrational energy is lost by collision with water mole cules rather than by radiation.
The symmetrical vibration v1 has a relaxation time of around 10~5sec., and since this vibration is inactive in the infra-red the energy is of course lost principally by collision (perhaps after transfer to the transverse form of vibration). The combination band + iq and v3 + 2 v2 a t 2*8 does emit some radiation and it is interesting to note th a t Garner and Johnson found th a t this band was less sensitive to the presence of w ater than the other band; this may be linked with the less marked effect of moisture on the relaxation time for zq recorded by Pielemeier, Saxton and Telfair.
The above deductions may be summarized as follows. For the combustion of pure dry carbon monoxide the energy stored in the asymmetric valence vibration is lost mostly by radiation in a time of not more than a few tenths of a second, while the energy in the other two vibrations will be transferred to other degrees of freedom (heat energy) in a time of the order 10-4 sec. In the presence of moisture or other catalyst the vibrational energy of all forms will mostly be transferred by collision in a very much shorter time. These conclusions may require some revision if, as suggested in the next section, there is much dissociation and recombination, which would lengthen the apparent life of the activated molecules.
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A. G. Gaydon Dissociation I t has been suggested by Rosen (1933) th a t for molecules with more than one vibrational degree of freedom there is a possibility of resonance between the vibrations resulting in a transfer of energy from one form of vibration to another, and if the total energy of the vibrations exceeds the dissociation energy of any one form there will be a chance th a t the molecule will dissociate spontaneously. Rosen makes an attem pt to evaluate this chance quanti tatively in a specific case by making a number of simplifying assumptions. Rice (1933) has commented on details of this treatm ent, but accepts the main conclusion th at in certain cases there will be a finite chance of dis sociation before the molecule can lose its vibrational energy by collision.
Rosen points out th a t any degeneracy, such as does in fact occur for C0 2 where = 2 v2 very exactly (Dennison 1932), will greatly increase this effect.
Thus if the vibrationally activated molecules of C0 2 formed by the com bustion are not quickly de-activated by collision with molecules of water or other catalyst, then many of the molecules will dissociate again. This agrees with the observation th a t the combustion of pure carbon monoxide is always far from complete, only 80 % to 90 % being burnt if the gas is dried carefully. As an alternative viewpoint of the same effect it may be seen th a t if the molecules are vibrationally activated so th a t they are not in therm al equilibrium then a greater amount of dissociation may be expected than would occur for thermal equilibrium a t th a t temperature, i.e. the vibrational tem perature which determines the amount of dissociation will be much higher than the recorded temperature of the flame.
The flame spectrum of carbon monoxide 71
Conclusions
I t is now possible to weld together the various deductions and observations given in the previous rather disconnected sections and in the previous paper, to form a general picture of the later stages of the combustion processes as a whole.
I t seems th a t in the formation of a molecule of C0 2 from carbon monoxide and oxygen, since the carbon atom in the C0 2 molecule is not in its lowest electronic state, there must be an electronic rearrangement in the newly formed molecule. This rearrangement may occur either by the emission of radiation, giving the well-known flame spectrum, or more frequently on collision. In either case, since there is reason to believe, from a study of the spectrum, th a t the equilibrium size or shape of the molecule is very different in the two electronic states, a large part of the energy will be left as internal vibrational energy of the molecule when it reaches the ground electronic state. This vibrational energy will, in the pure gas, persist for an appreciable fraction of a second, during which the hot gases will not be in thermal equilibrium and will therefore be below the theoretical maximum tem pera ture of the combustion (in agreement with David's observations). They will lose some of their energy by infra-red radiation of wave-length 4*4//, will suffer a considerable amount of dissociation (resulting in apparent incom pleteness of the combustion) and may pass some of their vibrational energy on to other molecules such as nitrogen or oxygen (as observed in the ab sorption spectrum of the flame of the dry gas). When combustion occurs in the presence of a catalyst the excess vibrational energy of the newly formed C0 2 molecules will be quickly passed on to molecules of the catalyst and the infra-red radiation, the amount of dissociation and the vibrational energy transferred to oxygen molecules will all be reduced.
Thus the above discussion seems to account fairly well, a t least quali tatively, for the peculiarities of the combustion of carbon monoxide. The long-lived metastable molecules postulated by David to account for the latent energy of the combustion are not of an essentially peculiar structure or type; the absence of absorption in the visible or near ultra-violet by liquid carbon dioxide shows th a t there are no low-lying electronic levels for this molecule and hence the metastable molecules cannot be electronically excited. The latent energy is merely due to delay in the vibrational energy reaching equipartition with th a t in other degrees of freedom. To some extent this is probably partly so for the combustion of all substances, but when carbon dioxide is the final product the effect is present to an unusual extent because firstly of the difference in shape or size of the C0 2 molecule in its two electronic states and secondly because of the degeneracy resulting from the almost perfect equality v1 = 2p2 fo dissociation.
The possibility of the afterburning being due to internal vibrational energy has been mentioned by previous authors. David and Davies (1930) dismiss the possibility because they say th a t this would not account for the afterburning being of such long duration. Lewis and von Elbe (1935) also refer to the lag in the equipartition of the vibrational energy. No quantitative estimate in the delay in equipartition seems to have been attem pted, however, and especially the significance of moisture on the lifetime of vibrationally activated molecules seems to have been overlooked. The dissociation resulting from the degeneracy is also probably im portant in lengthening the afterburning. The quantitative objections raised by Egerton and Ubbelhode (1934) to David's view th a t the afterburning is due to metastable molecules will not apply to the above reasoning, as the latent energy, which is about a quarter of the total combustion energy, will, for the dry gas, be radiated in the infra-red in agreement with Garner's observations.
The luminescence of the afterburning is probably due to recombination of molecules which have dissociated after the initial combustion. The strong excitation of the OH radiation in the flame and the afterburning gas is probably associated with the energy acquired by the w ater molecules on collision which may result in their dissociation and excitation. The afterglow of carbon dioxide in an electric discharge (Fowler and Gaydon 1934) persists longer than does the afterburning due to combustion a t atmospheric pressure, which is in agreement with expectations if the phenomenon depends on the collision-life of the activated molecules, which will be longer a t reduced pressure.
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